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Introduction
As proteomicsstudiesof modelsystemsbecomeprogressivelymoreadvanced,
therehasbeenasurgeof interestin studyingmorecomplexbiologicalsamples.It isnot
unusualtofindpapersinwhichauthorsidentifymorethanathousandproteinsinasingle
biologicalsample.1-3As theselarge-scaleproteinidentificationsaretranslatedinto
physiologicalinformation,theaccuracyof theidentificationsbecomescrucial. The
objectiveofthisprojectistousecurrentproteomicstechnologytodeterminethefunction
ofthestalkin Caulobacterc escentus.
Caulobacterc escentusisabacteriathatreproducesa ymmetrically,withonecell
becomingastalkedcellandonebecomingaswarmerwithaflagellum.Previousanalysis
of stalksamplesleadresearcherstobelievethatit playsaroleinnutrientuptake.4These
studies,however,havenot identifiedenoughproteinsin the stalkto supporthis
hypothesis.A muchmoresubstantiallist of nutrientuptakerelatedproteinswould
providethistheorywithmoredefinitiveproof.
BecauseCaulobactercrescentusamplesare culturedin a nutrient-poor
environment,Ton-B dependentreceptorproteinstendto be overexpressed.These
proteinsare involvedin nutrientuptakeand thrive in dilutenutrientenvironments.5
While thepresenceof Ton-B dependentreceptorsupportsanutrientuptaketheory,their
relativeabundancedominatesthemassspectrummakingit impossibleto seeother
proteins.BecauseTon-Bdependentreceptorsarefoundin theoutermembrane,6an
effortismadetoseparateheoutermembranefromtheinnermembranetoseemorevital
innermembraneproteinsthataren'tasabundantasTon-Bdependentreceptors.
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MostproteomicsexperimentstodaydependonadatabasesearchlikeMascotor
Sequestfor proteinidentificationbasedon theorganism'sgenome.Whiledatabase
searchingofmassspectraldatahasbeenthemethodof choiceformanyyears,therehas
beena flurryof recentpapersdemonstratinghi hratesof errorin thesearchresults.7,s
Thishaspromptedresearcherstolookforamorereliablemethodofproteinidentification
basedprimarilyonthesequence,ratherthanthemass.
The Sequestalgorithmis basedon a databaseof an organism'sproteome
predictedfromits sequencedgenome.9Whenidentifyinga peptidefromanMS/MS
fragmentationspectrum,sequestfirst generatesa list of possiblematchesfromthe
databasebasedontheprecursormass.A fragmentationspectrumis thenpredictedfor
eachcandidateandcorrelatedwith the experimentalspectrumgeneratinga cross
correlationscore(Xcorr).Therearesomeinherentdisadvantagestothismethod.Both
enzymespecificityandsuspectedpost-translationalmodificationstothesamplehaveto
be declaredbeforethesearchhasbegun. If a sampleis analyzedthathasn'tbeen
previouslycharacterizedbyothermeansit is difficult,if notimpossibletopredictpost-
translationalmodifications.As thesemodificationscanbe pivotalin understanding
proteinfunction,thisis a significantdisadvantage.In addition,becausemanyof these
samplesareisolatedfromabiologicalsystem,thereis likelytobeunpredictedenzyme
activity.For example,althoughtrypsinis commonlyusedtodigestaproteinsample,a
biologicalspecimenmaydemonstratechymotrypticactivity.Sequesthastheoptionof
declaringno enzymespecificity.Whilethiswouldencompassall typesof enzymatic
digestions,it alsodramaticallyincreasesanalysistimeandfalsepositiverates. Yet
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anotherdisadvantageto databasesearchalgorithmsis thatthereis nowayto accountfor
mutationstotheproteinsequencethatarelikelytobefoundinabiologicalsample.
Thesedisadvantageshavespurredresearcherstoturntheirsightstowardsdenovo
sequencing.Thisis atechniqueinwhichthepeptidesequenceis identifiedirectlyfrom
the fragmentationspectrum,ratherthanthrougha databasesearch. A proteincanbe
identifiedbyitspeptidesequencebyusingahomologysearch.Inahomologysearch,the
sequenceis searchedagainstamultipleorganismproteindatabase.Theresultsarescored
basedontheirhomologytotheexperimentalsequence.If thereisnotanexactmatch,the
sequencethatis functionallythemostsimilarwill havethehighestscore.Becausemost
proteinsarebelievedtobehighlyconservedfromspeciestospecies,ahomologysearch
doesnotnecessitatethesequencingofanorganism'sgenomepriortoanalysis.
In ordertodeterminethesequenceexperimentally,themassdifferencebetween
adjacentN- or C-terminalpeaksmustbematchedtoanaminoacidmass.Thelargest
obstacleindenovosequencingistheinabilitytodifferentiateb tweenN- andC-terminal
fragmentsin a fragmentationspectrum.Severalchemicallabelshavebeendevelopedto
remedythisproblem.lO-12Amongthemostpromisingtechniquesi thecombinationof
guanidinationa damidinationasdescribedbyBeardsleyet.al.13Guanidinationconverts
thelysinetohomoarginineusingS-methylisothiourea.Becauselysineis foundalmost
exclusivelyattheC-terminusof trypticpeptides,theguanidinatedsamplecanthenbe
comparedtotheunmodifiedtodeterminewhichfragmentsareC-terminal.However,this
methodis inapplicableforpeptidesthatdonotcontainlysine.Inamidination,halfofthe
reactionmixtureis reactedwithS-methylthioacetimidate("m thylcoded"label)andthe
otherhalf is reactedwith S-methylthiopropionimidate(" thylcoded"label).14These
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labelsreactwithprimaryamines,andthereforeonlylabeltheN-terminusandlysineside
chains.Unfortunately,becausethelysineis oftenfoundattheC-terminusthislabelwill
notdifferentiateb tweentermini.Inordertosolvethisproblem,guanidinationisusedto
"block"thelysineresiduespriortoamidination,ascanbeseeninthereactionschemein
Figure1. BecauseonlytheN-terminusis nowlabeled,N-terminalfragmentscanbe
identifiedby lookingfor the14Da massshiftin peaksbetweenthemethylandethyl
codedfragmentationspectra.Unfortunately,thereis notcurrentlyanautomatedwayto
analyzethedata,sothisis atimeconsumingprocedurefor large-scalexperiments.
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In this study,the Caulobactercrescentustalk membraneis thoroughly
characterizedusinga conventionaldatabasesearchalgorithmin orderto comparethe
resultstofuturedenovosequencingexperiments.Becausethissamplecontainsa large
numberof proteinswith a significantdynamicrange,chromatographyprocedures
becomessentialtothesuccessoftheexperiment.Oncetheexperimentalprocedurehas
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beenoptimizedusingconventionalproteomicstechniques,a de novosequencmg
experimentcanbedonetodetermineitsbenefitscomparedtostandardmethodologies.
Methods
Materials.
HPLC gradeacetonitrileandammoniumbicarbonatewaspurchasedfromEMD
Chemicals(Norwood,OH). FormicacidwassuppliedbyFluka(Buchs,Switzerland).
Thewaterusedin all experimentswaspurifiedusinganE-purewaterfiltrationsystem
fromBamsteadThermolyneCo. (Dubuque,IA). Hemoglobin(human)andtrypsin
(bovine)wasacquiredfromSigma-Aldrich(St.Louis,MO). All Caulobacterc escentus
sampleswereprovidedbyJenniferWagnerinYvesBron'slab(DepartmentofBiology,
IndianaUniversity).
PreparationofCaulobactercrescentussamples
Culturesof SS::PstSCaulobacterc escentus,mutantsdesignedtoreadilydiscard
theirstalks,weregrownin a 12011Mphosphatebuffersolution.Thestalkswerethen
separatedfromthecellbodiesbyrepeatedcentrifugation,andanalyzedviamicroscopyto
determinesuccessofstalkshedding.C.crescentusstalkswerethenlysedusingG.gallus
egg white lysozymefor one hour, followedby Frenchpressingat 1000psi.
Concentrationof proteinwasdeterminedusinga Bradfordassayat thispoint. The
samplewasthenreduced,alkylated,anddigestedusingtrypsin.Finally,thestalksample
wasacidifiedbyaddinghydrochloricacidtoaconcentrationf40mM. Outerandinner
membranestalkproteinsampleswerepreparedasabove,butwereseparatedusinga
sucrosegradientprior to reductionandalkylation.Preparationof theblendedsamples
beganby culturinga sampleofYB767 C. crescentusin a 12011Msolutionof phosphate.
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A Werhingblenderwasthenusedtosheeroff thestalkspriortolysingwithlysozyme.
Thesampleswherethenpreparedasdescribedabove.All proceduresinthissectionwere
performedby JenniferWagnerin YvesBron'slab (Departmentof Biology,Indiana
University).
Tryptic Digestionof HemoglobinStandard.
Hemoglobinwas preparedin 25 mM NH4HC03to a concentrationof 100
pmol/llL. 200ilL of thissolutionwasthenaddedto 25 Ilg of trypsin,andincubatedfor
14hoursat37°C. ThesolutionwasthencooledtoO°Ctohaltthereaction.
LC/LC-MS/MS Analysis.
Thestrongcationexchange(SCX)columnusedin all experimentshadaninner
diameterof254~mandwashomepackedwithabenzenesulfonicacidfunctionalgroup
on 5 ~msilicabeads. Mobile phasecomponentslabeled"C" and"D" wereutilizedin
theseexperiments."C" consistedof 50%water,50% acetonitrile,and0.1% formicacid,
while"D" wasa 200mM sodiumperchloratesolutionin 50%water,50%acetonitrile,
and0.1% formicacid.In allcasesaonehourgradientwasutilizedgoingfrom0%D to
100%D. A flow rateof 5 uL/minwas establishedprior to eachexperiment.
Approximately20~gof samplewasinjectedontotheSCX columnin eachexperiment.
Columneffluentwascollectedmanuallyin twominutefractionsforthedurationof the
gradient.Eachfractionwassubsequentlydilutedtoreducetheacetonitrileconcentration
byadding40~Lof0.1%trifluroacetica idpriortoreversephaseanalysis.
Thereversephasecolumnusedin allexperimentswaspackedin-housewithsilica
beadsderivitazedwith C18,andhad an innerdiameterof 254 ~m. The mobilephase
consistedof "A" (99.9%waterwith 0.1% formicacid)and"B" (99.9%acetonitrilewith
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0.1%formicacid).Thegradientinallreversephasexperimentsincreasedlinearlyfrom
5%B to40%B. In twodimensionalexperiments,hedilutedfractionscollectedin the
strongcationexchangedimensionwereinjectedontothereversephasecolumnwithout
furtherpurification. In experimentswithoutthe strongcation exchangestep,
approximately8 Ilgofproteinwasinjectedontothereversephasecolumn.Thereverse
phasecolumneffluentwasdirectlyanalyzedusingtheLCQ DecaXP ion trapmass
spectrometerwithanelectrospraysource.
Themassspectrometerwasoperatedin datadependantmodewiththreeMS/MS
spectrarecordedforeveryMS spectrum.Whentheiontrapis operatedinthismode,the
threemostintensepeaksin theMS spectrumarechosenfor fragmentationin MS/MS
mode.Theseparentmassesarethenplacedonexclusionlistfor3minutes.Massspectra
werecollectedforthedurationofeachRP experiment.
SequestAnalysis
Theresultsofall experimentswereanalyzedusingtheSequestsearchalgorithm.
Thedataweresearchedagainstadatabaseof Cau/obacterc escentus'proteome,aswell
asGallusgalluseggwhitelysozyme.A staticmodificationof 57wasassumedforall
cystineresidues,asthesamplewasreducedandalkylated.All analysesassumedtryptic
enzymeactivitywitha maximumof twomissedcleavagespossible.In orderto be
consideredanacceptablep ptideidentification,theXcorrhadtobeatleast2.0,2.5or3.5
for chargestatesof +1,+2and+3,respectively.8All massspectrameetingthese
minimumcriteriawerealsomanuallyvalidated.
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ResultsandDiscussion
The first seriesof experimentsin this studyweredesignedto analyzethe
separatedouter and inner membraneC. crescentus talk membranesamples.
Unfortunately,earlysamplesdidnotprovideanysignalin themassspectrometer.As
wasdiscussedin theexperimentalsection,theinnerandoutermembraneproteinswere
separatedusingasucrosegradientwithnofurtherpurification.Itwasdeterminedthathe
excesssucrosein thesolutionswasinterferingwith theBradfordassay,leadingto
concentrationreadingsthatweremuchhigherthanthetrueconcentrationfprotein.The
excessucrosewasalsocaramelizingontheskimmerconeof theelectrosprayionization
sourceduringtheexperiments,resultingin alowersensitivity.A tenpicomolesampleof
a standardhemoglobindigestwasanalyzedto ensurethatthesensitivityproblemwas
localizedinthemembraneproteinsamples,nottheinstrument.
Oncethesucrosewasremovedviadialysisthesamplesyieldeda muchmore
appreciablesignal.Initially,thedialyzedmembranesampleswereanalyzedusingonlya
twohourreversephasegradient.A totalof 21 proteinswereidentifiedin theinner
membraneand46wereidentifiedin theoutermembrane.In orderto achievebetter
separation,andthusseemoreproteins,theexperimentwasrepeatedusinga fourhour
reversephasegradient.By doublingthereversephasegradient,a totalof 87proteins
wereidentifiedintheinnermembranesampleand73proteinswereidentifiedintheouter
membranesample.AfterconsultingtheBrungroup,it wasdeterminedthatthesucrose
gradientwasimperfect,leadingtosignificantcontaminationin bothmembranesamples.
For example,Ton-B dependentreceptorsare foundin theoutermembraneof C.
Crescentus,butfiveTon-Bdependentreceptorswereidentifiedin theinnermembrane
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sample.Becausetheseparationof innerandoutermembraneproteinsoffersnoobvious
advantageandismoretimeconsumingtoprepare,theremainingexperimentsweredone
analyzingthetotalstalkmembrane.
Becausethetotalstalkmembranecontainsuchalargedynamicrangeofprotein
concentrations,themainfocusbecomesoptimizationof chromatographicprocedures.
Thesuccessof theseparationwasmeasuredbythenumberofproteinsidentifiedin each
experimentrelativetopreviousexperiments.Nutrientuptakeproteins,specificallyABC
transportersandExbD proteins,werealsomonitoredthroughouttheprogressionof
experiments.Ideallythelistof identifiednutrientuptakeproteinshouldgetlongeras
thelistof identifiedproteinsincreasestosupportthenutrientuptaketheory.
To establisha controlexperiment,thetotalstalkmembraneproteinsamplewas
initiallyanalyzedusingonlya fourhourreversephasegradient.Seventy-fourp oteins
wereidentifiedin this experiment,includingtwo ABC transportersandoneExbD
protein.Thesamesamplewasthenanalyzedusingtwo-dimensionalchromatography.A
onehourreversephasegradientwas usedon all collectedstrongcationexchange
fractions.Thisexperimentyielded176proteins,includingsixABC transportersandtwo
ExbDproteins.Uponobservationof thereversephasechromatograms,thereweresix
fractionsthatappearedto be especiallyconcentrated.The samplewas therefore
reanalyzedusingtwo-dimensionalchromatographywith a threehourreversephase
gradientonthosesix fractionsandaonehourreversephasegradientontheremaining
fractions.Thisexperimentresultedintheidentificationof 233totalproteins,increasing
thenumberofABC transporterstosevenandExbDproteinstothree.In afinaleffortto
achievea morecompleteseparation,thesamplewasreanalyzedusingtwo-dimensional
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chromatography.A six hourreversephasegradientwasusedon thesix especially
concentratedfractions,a twohourreversephasegradientwasusedon five fractions
identifiedashavingthenextmostintensechromatograms,andaonehourreversephase
gradientwasusedontheremainingtwenty-twofractions.A totalof 327proteinswere
identifiedincludingelevenABC transportersandthreeExbDproteins.
At thispoint,consultationwiththeBrungrouprevealedcontaminantsinthestalk
sampleresults.Previoustudieshaveshownthatthestalkdoesnotcontaincytoplasm.15
However,cytoplasmicproteinsuchasmetabolicproteinsandpenicillinbindingproteins
wereidentifiedinthestalksamples.Becausethesecontaminantsarefoundinthesample,
it cannotbedefinitivelydeterminedif thenutrientuptakeproteinspresentwerefoundin
thestalkorthecytoplasm.WhentheC.crescentusstalksareseparatedfromtheirbodies,
asmallamountof cytoplasmremainsatthebaseof thestalkascanbeseeninFigure2.
Thesestalkscontainingcytoplasmatthebasearereferredtoas"lollipops".Thishasnot
beenconsidereda problemuntilnowbecausepreviousexperimentsinvolvingtwo-
dimensionalpolyacrilamidegelelectrophoresisd dnotidentifycytoplasmicproteinsin
thestalkssamples.16,17However,thecurrentexperimentalmethodis sensitivenough
thatevenasmallamountofcytoplasminthesamplewill introducealargeuncertaintyin
theresults.To removethisuncertainty,a newmethodof preparingthesampleswas
developedby JenniferWagnerin theBrongroup. Insteadof culturingC. crescentus
mutantsthateasilyshedtheirstalks,standardC. crescentusbacteriawereused.Their
stalkswerethensheeredusingaWerhingblender.Resultsof microscopyexperiments
showno evidenceof lollipopsin thesample.Thesesamplesarecurrentlybeing
characterizedusingthepreviouslydescribedprocedure.
------- --- ------------------
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Figure2: C.crescentusstalksample,examplesof "lollipops"arecircled.Picturecourtesyof
JenniferWagner.
Perhapsoneof thelargestsourcesofuncertaintyin thisseriesof experimentsis
theuseofSequesttoidentifyproteins.Althoughthesearchcriteriausedwasclassifiedas
highlystringent8,therewereseveralinstanceswherea massspectrumwasassigneda
relativelyhighXCOITwithmanyofthelargestpeaksunidentified.An exampleofthiscan
beseenin Figure3. ThisspectrumreceivedanXCOITof 4.121whilesix of themost
intensepeaksin thespectrumremainunassigned.Whilemanualvalidationof results
wouldhaveremovedthisasa falsepositive,studiesindicatethatfalsepositiverates
remainhighevenaftermanualvalidation.8,9Anotherdisadvantageof Sequestthatwas
furtherilluminatedby thisstudyis thateverysourceof proteinin thesamplemustbe
identifiedpriorto analysis.For example,G. galluseggwhitelysozymewasusedin
preparationoftheC.crescentusstalksamples.Becauselysozymeisnotassociatedwith
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Figure3: SequestassignedthismassspectrumanXcorrof4.121,butmanyofthelargestpeaksare
unassigned.
theC. crescentusproteome,it wasnotautomaticallyincludedin thedatabaseagainst
whichSequestperformsits search.Thesequencefor lysozymehadto bemanually
insertedintothedatabasebeforeitcouldbeidentifiedbythesearch.Sequestistherefore
unabletoidentifyanypossiblecontaminantsotcommonlyassociatedwiththeorganism
beingstudied.Thiscanleadnotonlytothelossofpotentiallyrelevantproteomicdata,
butprobableincreaseinfalsepositiveratesaswell.
Conclusions
As thestudyofcomplexbiologicalorganismsbecomesmorecommonplace,more
sophisticatedproteomicstechnologycontinuesto emerge.In thisseriesof experiments,
two-dimensionalliquidchromatographywasshowntoprovidesuperiorseparationswhen
comparedtosolelyreversephasechromatography.Althoughtheresultsof thesestalk
membranexperimentsindicatethepresenceproteinsinvolvedin nutrientuptake,
cytoplasmiccontaminantsintroduceadegreeofuncertainty.A newsamplepreparation
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methodshowspromiseateliminatingthesecontaminants.Althoughtheseexperiments
werefocusedon C. crescentusstalkmembranesamples,theexperimentalmethods
describedarewidelyapplicabletoanybiologicalsample.
FutureWork
Althoughmuchprogresshasbeenmadetodate,thisprojecthaslongtermgoals
thatcannotbecompletedwithonlytwosemestersofresearch.Becauseof thecomplex
natureofthesamplebeinganalyzed,eachexperimenttakesontheorderoftwoweeksto
complete.Optimizationof a singleprocedurecanthereforetakeupwardsof several
monthstocomplete.Thefirstgoalof futureworkwill betocompleteanalysisof the
blendedstalksampleto ensureremovalof cytoplasmiccontaminants.If thissample
provescleaner,anexperimentwill alsobedoneusingtheThermoFinniganLTQ linear
iontrap.Thisinstrumentshouldprovidesuperiorsensitivityaswellasafasterscanning
time,allowingformoremass pectratoberecordedinthesameexperimentalimeasthe
LCQ.
At thispoint,theC. crescentusstalksampleshouldbesufficientlycharacterized,
so thenextstepwill be to de novosequencethesampleusingguanidinationand
amidination.Althoughtheprocedurehasbeenwelldevelopedformodelproteins,de
novosequencingmayprovemorechallengingforsuchacomplexmixture.Ethylcoded
peptideseluteseveralminutesaftermethylcodedpeptidesdointhechromatogram.This
meansthatthepeptidescouldconceivablyelutein differentSCX fractions.Also,the
sampleis complexenoughthatmostparentionmassspectrahavemanypeaks.Because
themass pectrometerisoperatedindatadependentmode,afragmentationspectrumay
betakenfor onelabeledpeptidebutnottheother.For example,a methylcodedpeptide
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maybethemostintenseparentionin thespectrumbuttheethylcodedpeptidemayco-
elutewithmoreabundantspeciesthatwill befragmentedinstead.Theseissueswill allbe
addressedinfutureexperiments.
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